With completion of the human genome project, patterns of higher order chromatin structure can be easily related to other features of genome organization. A well-studied aspect of chromatin, histone H4 acetylation, is examined here on the basis of its role in setting competence for gene activation. Three applications of a new hybrid genome sampling-chromatin immunoprecipitation strategy are described. The first explores aspects of epigenome architecture in human fibroblasts. A second focuses on chromatin from HL-60 promyelocytic leukemia cells before and after differentiation into macrophage-like cells. A third application explores age-related epigenome change. In the latter, acetylation patterns are compared in human skin fibroblast chromatin from donors of various ages. Two sites are reported at which observed histone H4 acetylation differences suggest decreasing acetylation over time. The sites, located in chromosome 4p16.1 and 4q35.2 regions, appear to remodel during late fetal-early child development and from preadolescence through adult life, respectively.
H
IGHER order chromatin structure plays an integral role in the control of gene expression (1) (2) (3) . Central to chromatin structure are histone modifications that serve to recruit regulatory proteins and remodeling complexes (4-9). The latter facilitate or retard further modifications, and ultimately regulate the recruitment of the transcription apparatus. Cumulatively, such mechanisms give rise to patterns of histone modification extending across the genome. Pattern features may be localized to tens of base pairs, but may also extend over hundreds of kilobases or even encompass entire chromosomes (10) (11) (12) (13) . Specialized chromatin domains are thought to form the basis for epigenetic memory in yeast and Drosophila systems (14) (15) (16) (17) . In vertebrates and plants, such domains act in conjunction with DNA methylation to store epigenetic information (18) (19) (20) .
Much of what we know concerning the role of chromatin in transcriptional regulation derives from well-studied gene loci (12, 13, (21) (22) (23) . These are most often described in the context of development or differentiation pathways. Paradigms for developmentally linked chromatin remodeling and epigenetic memory are provided by studies on Drosophila homeodomain genes by Polycomb and Trithorax group gene products, as well as X chromosome dosage compensation (24) . More recently, the genetically tractable Arabidopsis system is providing interesting examples of chromatin-mediated gene control (25, 26) . In vertebrates, epigenetic processes are notably evident in developmental regulation of the chicken beta-globin locus (12, 13, 21, 24, (27) (28) (29) , X chromosome inactivation, and imprinting (19, 30, 31) . T-cell differentiation also turns out to be a process associated with striking changes in chromatin and DNA methylation profiles (11, 32) .
With completion of human and mouse genome assemblies, a more general picture of epigenetic processes should become available. An emerging goal is to describe chromatin and DNA methylation patterns, which, taken together, form the epigenome for a given cell type. Experimental approaches that are or should soon become feasible in mammalian systems have been reported in recent work with Saccharomyces cerevisiae (33, 34) . One productive strategy in yeast relates gene expression profiles to chromatin regions through the use of microarrays. The relatively small size of the S. cerevisiae genome renders this practical. By contrast, the much greater complexity of mammalian genomes makes it difficult to obtain comparable array coverage. At the resolution of bacterial artificial chromosomes (BACs), a complete tiled representation of the human genome has been reported (35) . To query smaller domains, reasonable alternatives are to construct microarrays restricted to small chromosomes, promoter-proximal regions, or CpG islands (36) (37) (38) (39) (40) (41) (42) (43) .
The high cost and long lead time associated with microarrays have prompted several alternative strategies (44) (45) (46) . In this article, we describe epigenome mapping using a complementary approach related to differential display (47, 48) . The approach allows general sampling of mammalian genomes and has been implemented in three ways. First, a screen was done to gain an overall profile of histone H4 acetylation patterns in chromatin from normal human fibroblasts. The results are consistent with large alternating regions of high-and low-acetylation distributed along the chromosome arms, as has been reported previously (24) . Second, a screen was performed to compare histone H4 acetylation patterns in undifferentiated versus macrophage-like HL-60 cells. This revealed regions with substantial shifts to be relatively infrequent, being on the order of 0.5% of the epigenome. Third, the genome sampling approach was used to search for locus-specific acetylation differences in chromatin from human fibroblasts taken at different passage levels or donor ages. This search was successful, revealing sites that appear to report agerelated epigenome change near the chromosome 4p and 4q termini.
METHODS

Cell Culture
Normal human skin fibroblasts from donors of different ages were obtained from the Coriell collection. [HSC172 human lung embryo fibroblasts (49) were a gift from Sam Goldstein.] Fetal cells used were: AG04392A, 16 weeks, population doubling level (PDL) 17; AG04449, 12 weeks, PDL 11; AG04431B, 15 weeks, PDL 18; AG04451, 16 weeks, PDL 13; AG04525, 17 weeks, PDL17. Cells from preadolescents were: GM03348D, 10 years, passage 9; GM2036A, 11 years, passage 14; GM00500, 10 years, passage 10; GM1582A, 11 years, passage 9. Cells from young adults were: AG07720B, 23.9 years, PDL 16; AG07719A, 27.9 years, PDL 16; AG04441B, 29.4 years, PDL 16; AG13153, 30.2 years, PDL 5. Cells from old adults were: GM08401, 75 years, passage 2; GM09918, 78 years, passage 10; GM00288B, 64 years, passage 10. Fibroblasts were grown in Dulbecco's modified Eagle medium (MEM) (Gibco/BRL, Carlsbad, CA) supplemented with 10% fetal calf serum (FCS) or Eagle's MEM with Earle's salts with 15% FSC, 2 mM glutamine, and antibiotics (50 U of penicillin/ml and 50 mg of streptomycin/ml). Chinese hamster-human hybrid cell lines Y162-11C and X86T2 were grown as published (50) . HL-60 cells were propagated in RPMI media, 10% fetal calf serum. Differentiation was induced by 12-O-tetradecanoylphorbol-13 acetate (TPA) treatment (51) .
Preparation of Nuclei and Chromatin
HSC172 cells were grown to confluency, and, in most experiments, incubated for 18 hours with 20 mM sodium butyrate to inhibit histone deacetylase activity. HL-60 cells were not treated with butyrate prior to harvesting. HSC172 nuclei and histone-H1-depleted chromatin were prepared by a procedure described previously (52) . Nuclei from HL-60 cells were isolated according to (51) . Micrococcal nuclease concentrations were titrated in order to obtain chromatin fragments with a median length of 1500 bp. All solutions used during preparation of nuclei contained 10 mM sodium butyrate.
Immunoprecipitation of Acetylated Chromatin
Antibody against acetylated H4 was prepared by immunizing rabbits with chemically acetylated histone H4 (22, 53) . Affinity purification was accomplished with acetylated bovine serum albumin (BSA) coupled to BrCN Sepharose and characterized by enzyme-linked immunosorbent assay (ELISA) and Western blotting as described previously (53) . Affinity-purified antibody (70 lg) was incubated with magnetic beads coated with antirabbit IgG (Dynal Biotech, Brown Deer, WI) as described by the manufacturer. Chromatin fragments (25 lg measured as DNA at 260 nm) were incubated with antibody-coated beads by rotating overnight at 48C in 50 mM NaCl, 10 mM Tris-HCl pH 8.0, 1 mM EDTA, 10 mM Na-butyrate, and proteinase inhibitor cocktail (22, 53) . Supernatant from the first magnetic separation combined with the first wash was taken as the unbound chromatin fraction. Beads were washed six times with 1 ml 150 mM NaCl, 10 mM Tris-HCl pH 8.0, 1 mM EDTA, 10 mM Na-butyrate, proteinase inhibitor cocktail (Roche Diagnostics, Indianapolis, IN). Samples were transferred to new tubes prior to a final wash. The bound acetylated chromatin was eluted by two incubations in 100 ll 1% SDS, 1% beta-mercaptoethanol for 15 minutes at 378C. DNA was purified by proteinase K digestion, phenol-chloroform extraction and ethanol precipitation in the presence of 40 lg/ml glycogen, or alternatively was purified using Qiagen PCR (polymerase chain reaction) purification kits (Valencia, CA). The concentration of DNA was determined fluorimetrically. The typical yield from 25 lg chromatin was 0.5-1 lg bound DNA.
PCR Amplification
Phosphoglycerate kinase (PGK) sequence primers (54) PCR amplification was performed in a 20 ll reaction mix containing 1-3 ng DNA, 13 buffer (PerkinElmer, Wellesley, MA), 1.5 or 2.5 mM MgCl, 2 lM deoxynucleotides, 0.2 lM primers, 1 unit Taq Polymerase (BoehringerMannheim/Roche), and 2 lCi 33 P-dCTP (NEN, DuPont, Wilmington, DE). The cycling parameters were: 5 minutes at 948C, followed by 25 cycles of 15 seconds at 948C, 15 seconds at the annealing temperature, and 15 seconds at 728C. For longer PCR products, the nucleotide concentrations were increased to 10 lM and each cycling step was 30 seconds. For a-satellite PCR, the number of cycles was decreased to 15. Due to the high guanine plus cytosine content in the PGK promoter sequence, 10% glycerol and 3.5% formamide were included in the reaction buffer. As a check for linearity, reactions containing 1 or 3 ng DNA were performed in triplicate. PCR products were separated by 5% or 6% polyacrylamide gel electrophoresis (PAGE) containing Tris/borate/EDTA (TBE) and 7.5 M urea. Quantification was performed by phosphoimager scanning.
Real-time PCR was performed using SYBR Green Faststart PCR kits (Qiagen) and a LightCycler instrument (Roche). One ng of each sample was analyzed in triplicate together with 0.1-3 ng input DNA used for standard curve calculation.
Genome Sampling-Chromatin Immunoprecipitation (gsChIP)
DNA samples purified from bound (acetylated), unbound (under-acetylated), and input chromatin fractions were analyzed by PCR using combinations of random primer pairs similar to those utilized previously for RNA differential display (47, 48) . Each primer contains a 12-nucleotide arbitrary sequence at the 39 end and 10 invariant nucleotides including a Hind III site at the 59 end. PCR reactions were performed essentially as described above, except that 25 lM dNTP and 1.25 lM of each primer were used. The cycling parameters were: initial denaturation step at 948C for 5 minutes, 4 cycles of 45 seconds at 948C, 60 seconds at 398C to 458C and 60 seconds at 728C, followed by 25 cycles of 45 seconds at 948C, 60 seconds at 608C, and 60 seconds at 728C (47) (Gene Hunter, Inc., Nashville, TN). PCR products were separated on 6% DNA sequencing gels. After autoradiography, the film and corresponding gel were aligned and fractions of interest excised. Eluted DNAs were reamplified and the resulting PCR products were purified on low-melting agarose gel for direct sequence analysis (Applied Biosystems, Foster City, CA). Primary sequences were aligned to the human genome using the National Center for Biotechnology Information (NCBI) blast utility to obtain candidate loci. Specific primers were then designed for these loci and used for quantitative or realtime PCR.
Statistical and Sequence Analysis
Mean difference test (MDT) values were calculated using Mathematica version 5 software (Wolfram Research, Inc., Champaign, IL). Fisher's Exact Test was used as implemented by O. Langsrud at http://www.matforsk.no/ola/ index.html. Distributions of interspersed repeat sequences were determined using the RepeatMasker utility (A. F. A. Smit and P. Green, ''RepeatMasker'' at http://repeatmasker.genome.washington.edu). This study utilized the highperformance computational capabilities of the Biowulf PC/ Linux cluster at the National Institutes of Health, Bethesda, MD (http://biowulf.nih.gov).
RESULTS
Antibody Specificity and Control Studies
An affinity-purified polyclonal antiacetyl-lysine antibody, acLHA, was employed throughout for immunofractionation (12, 53) . This antibody primarily recognizes multiacetylated forms of histone H4 ( Figure 1A ). For chromatin immunoprecipitation (ChIP), oligonucleosomes were separated into bound and nonbound fractions, extracted to recover the corresponding DNA fragment preparations, and then adjusted to equal concentrations for PCR amplification and analysis. With this procedure, loci packaged in more highly acetylated domains than average are represented preferentially in the bound fraction, and the converse is true for loci packaged in under-acetylated regions.
Initial experiments focused on the establishment of positive controls. Oligonucleosomes were prepared from two hamster lines, Y162-11C and X86T2 cells; these lines carry a single active human X chromosome or a single inactive X chromosome, respectively (50, 54) . Immunofractionation was performed and chromatin structure was probed at the X-chromosome-linked phosphoglycerate kinase 1 (PGK1) locus, known to be associated with euchromatin in the Y162-11C cell line, and with heterochromatin in the X86T2 cell line. As shown in Figure 1B , oligonucleosomes derived from the active X chromosome appeared, as expected, predominantly in the bound fraction, whereas identically prepared material from the inactive X chromosome distributed with a bias to the unbound fraction. In additional controls prepared from human normal fibroblast cells, a-satellite repeat sequences (55) were represented preferentially in the unbound fraction; conversely, the ribosomal protein S-14 first intron, localized within a housekeeping gene and near an early-firing origin of DNA replication (47,56) (and thus likely to reside in a euchromatin region), was efficiently precipitated by the anti-acetylated histone H4 antibody.
Linking Genome Sampling With ChIP
Having established differential immunoprecipitation at several known loci, we next modified this approach to obtain a more general picture of H4 acetylation states across the human genome. Oligonucleosomes were prepared from normal, that is, nonimmortalized, human fetal lung (HSC172) fibroblasts (57) . As before, pools of anti-acetyl H4 bound and nonbound oligonucleosomes were extracted and the DNA content normalized prior to PCR reactions. Arbitrary pairs of DNA primers were used with four lowstringency cycles followed by 25 standard cycles, that is, conditions similar to those employed for RNA differential display (47, 48) . An example is shown in Figure 2A of the products obtained. In general, triplicate PCR reactions for each primer pair-DNA combination proved very useful as a means to distinguish reproducible from nonreproducible products.
A series of reactions was performed with 16 arbitrary primer pairs, yielding more than 1000 reproducible products. Bound to nonbound ratios of bands from the first eight primer pair sets, plotted according to the presumed histone H4 acetylation level, exhibit a roughly normal distribution ( Figure 2B ). From the gels used to generate these initial data, 91 bands were excised, reamplified, and subjected to DNA sequence analysis, yielding informative sequence information in 65 cases. Of these, 45 were selected for further study, including 17 loci potentially representing highly acetylated regions and 14 candidates for very underacetylated regions. An additional 14 loci were taken as controls. The positions of the selected loci are plotted onto build 34 of the human genome in Figure 2C . The candidates for both the highly acetylated and under-acetylated regions distribute along the chromosome arms, consistent with semirandom sampling of the epigenome.
Confirmation by Real-Time PCR and Local Mapping
Deviations from a 1:1 distribution in the differential display protocol might reflect one or more unexpected artifacts. To address this issue, we designed independent specific-primer sets for 26 single-copy loci. Real-time PCR was then performed to compare bound and nonbound material, yielding high-quality data in 20 cases. Several additional loci were confirmed by standard PCR verified Chromatin fragments were separated into bound and unbound fractions using an antibody against acetylated histone H4. DNA was purified and polymerase chain reaction performed using primers specific for the ribosomal protein S-14 gene [1] , alpha-satellite [2] , or the human PGK1 gene [3 and 4] . Templates for samples 3 and 4 derived from inactive and active human X chromosomes, respectively. In each comparison, total DNA concentrations were equalized in the samples from bound and unbound fractions. Gels were analyzed by PhosphorImager scanning (Amersham Biosciences/GE Healthcare, Milwaukee, WI) and data were quantified from 3-6 independent experiments. Results are expressed as ratios between bound (B) and nonbound (NB) levels set to a log scale. through calibration for linearity with respect to DNA input. In all but one instance, the results and the original differential display results were in agreement. Quantification of the real-time PCR data for the confirmed loci is shown in Figure 3A . From these and additional experiments (see below), we conclude that candidates generated by genomic differential display are correctly identified in almost all instances.
An important question is whether genome sampling as described here predominantly detects very local chromatin states, for example, limited to one or two nucleosomes, or provides marker loci for larger regions of atypical chromatin. Evidence in support of the latter possibility was provided by walking across »20 kb (kilobase) regions flanking two loci, h40 and h90, characterized respectively by under-acetylation or high-acetylation. The under-acetylated locus, h40, is flanked by loci having similar acetylation levels ( Figure 3C ). The highly acetylated locus h90 ( Figure  3B ) lies just upstream from the transcription start point of the trichorhinophalangeal syndrome I (TRPS1) gene; it is also adjacent to a CpG island. Each position checked, extending from h90 across the CpG island and the transcription start site for TRPS1, exhibits elevated acetylation. This is consistent with previous reports that CpG islands and their flanking regions are frequently overacetylated (12, 58, 59 ).
Regional Transcripts and CpG Islands
The human genome is believed to be composed of generich and gene-poor regions, the latter often referred to as gene deserts (60) . We asked whether the loci identified in this study might show a nonrandom distribution with respect to local gene density or expression levels. Taking the gsChIP-identified subsets characterized by low and high acetylation, respectively, overlapping or nearby genes are observed more frequently in the latter (4/14 vs 14/16 closer than 50 kb; p ¼ .0015, Fisher's exact test; see also Table 1 ).
Related to gene distribution are additional parameters, including both the presence or absence of nearby CpG islands and the number of regional expressed sequence tags (ESTs) documented by the human genome project. To analyze these parameters, flanking regions were extended to include a total of 125 kb (the human genome assembly build 34 provided finished sequences for all but one locus). Strong statistical relations were observed, with under-acetylated loci lying uniformly within EST-poor regions relative to highly acetylated loci (p ¼ .007, MDT; see Figure 4A ). Genome regions flanking under-acetylated loci are devoid of CpG islands, whereas such islands are common in the regions flanking highly acetylated loci (p ¼ .002, MDT; Figure 4B ).
A question that can be asked is whether the CpG and EST distributions observed are merely those that would be seen by landing at random points across the human genome. To address this issue, an additional set of 44 loci was included, representing randomly chosen chromosome positions centered within 125 kb regions. ESTs associated with such regions show wide variation in abundance, similar to highly acetylated loci. By contrast, comparisons between underacetylated and random subsets reveal highly significant differences in both EST abundance ( p ¼ .0001, MDT) and CpG island frequency (p ¼ .002, MDT; not shown).
Differentiation-Associated Chromatin Remodeling
Of considerable value would be a general means to identify regions of local chromatin remodeling in association with changes in differentiation state. In vertebrates, such remodeling has been described in detail through studies on the chicken beta-globin and human immunoglobulin gene loci. We asked whether gsChIP applied at an intermediate scale would be sufficiently sensitive to detect chromatin state changes associated with the human HL-60 promyelocyte-to-macrophage differentiation program.
PCR reactions were performed with 27 sets of arbitrary primers taking oligonucleosomes from promyelocytic cells and in parallel from phorbol ester-treated macrophage-like cells. The display patterns obtained were greater than 99% identical, perhaps surprising given the morphological differences between these respective cell types. Still, three loci were identified at which changes in acetylation level accompany differentiation. These changes were confirmed using independent sets of specific primers and real-time PCR ( Figure 5A ). Additional confirmation was obtained by mapping alterations in chromatin acetylation across a region spanning » 30 kb ( Figure 5B ). Further characterization remains to be done concerning the size of the regions apparently remodeled in association with differentiation, as well as concerning potential impacts on the expression levels of nearby genes. However, these experiments confirm that chromatin changes occurring in the context of a simple differentiation program can be discovered by semirandom genome sampling as described here.
Age-Related Chromatin Remodeling
A subject of major interest has been to what extent postnatal development and adult life span in vertebrates are accompanied by age-related epigenome remodeling. This has been extensively investigated with respect to DNA methylation (61), but very little is known concerning locusspecific histone modifications. We realized that gsChIP could be of special value in the latter context, as the requisite first step to find such changes is a relatively unbiased search approach.
Human HSC lung embryo fibroblasts were compared at early-passage and late-passage levels (19-27 PDL and 55-60 PDL, respectively). PCR reactions were performed with 16 sets of arbitrary primers, yielding several candidate loci at which histone acetylation appeared to vary. One of these, h9, exhibited decreasing histone H4 acetylation as cells progressed from early passage to midpassage, that is, substantially before the onset of cellular senescence ( Figure  6A and unpublished results). The h9 band was recovered and sequenced, revealing it to be located in the chromosome 4p16.1 region, approximately 11 Mb from the 4p terminus (position 10,967,271 in human genome build 34). We postulated that altered acetylation at h9 might also be evident on examination of fetal and postnatal fibroblasts harvested at comparable early-passage levels. Comparisons were done using the appropriate arbitrary primer pair to Figure 3 . Verification and mapping of genome sampling/chromatin immunoprecipitation (gsChIP) sites. A: Real-time polymerase chain reaction (PCR) values for loci estimated by gsChIP to be under-acetylated (L) or highly acetylated (H). DNA was eluted from gel bands, sequenced, and loci mapped on the human genome. Real-time PCR was performed with locus-specific primers using SYBR Green Fast-start PCR kits on a LightCycler instrument (Roche). One ng of each sample was analyzed in triplicate with 0.11 to 3 ng input DNA used for standard curve preparation. Shown are B/NB ratios set to a log scale. B and C: Mapping across representative under-acetylated (h40) and highly acetylated (h90) regions. Primer pairs distributed across »20 Kb regions flanking h40 (C) and h90 (B) were used in real-time PCR assays performed in triplicate. ARs (amplified regions) are shown to scale. LINEs, SINEs and LTRs are shaded black for conserved elements and gray for less conserved repeats. TRPS1 ¼ trichorhinophalangeal syndrome I gene; LINE ¼ long interspersed nuclear element; SINE ¼ short interspersed nuclear element; LTR ¼ long-terminal repeat.
generate the h9 band, but substituting chromatin preparations from several fetal skin fibroblast lines and skin fibroblasts derived from young adults. The results obtained confirmed this idea ( Figure 6B and unpublished results) . Either very small or no differences at h9 were observed in experiments comparing chromatin from young and old adults (not shown).
To search for epigenome remodeling during subsequent life span, chromatin was prepared and pooled from preadolescents versus old adults (ages 10-11 years vs 64-78 years). PCR reactions were done with 40 sets of arbitrary primer pairs. As in previous comparisons, the gsChIP patterns obtained were almost identical. However, one striking difference was observed at a site termed here p14. Sequencing of the p14 band identified it as being derived from the chromosome 4q35.2 region (position 188,927,735), about 3 Mb from the 4q telomere. While the p14 sequence overlaps a Tigger 1 element belonging to the MER2 repetitive sequence family, there is sufficient divergence from other such sequences in human genome build 34 for the identification to be unambiguous. However, it cannot be excluded that another Tigger 1 repeat element of equal or greater sequence similarity remains to be integrated into a subsequent human genome assembly.
DISCUSSION
Much remains to be learned at the genome level concerning histone modification patterns and their remodeling in association with differentiation pathways, development, and aging. Here we describe the application of a genome sampling strategy coupled with chromatin immunoprecipitation to explore such aspects of epigenome structure.
Several points of a technical nature apply in interpreting the results. The antibody used throughout for chromatin immunoprecipitation recognizes multiacetylated forms of histone H4 (22, 53) . These forms are abundant; however, it cannot be excluded that in sampling many genome loci, the antibody might recognize other multiacetylated proteins at a small number of sites. The sampling of genome loci as implemented here should be considered as semirandom. While a very large number of chromosome positions should be accessible, extended blocks of low-complexity sequence, simple tandem repeats, and other repeat arrays are necessarily under-represented.
A major component of the human and other mammalian genomes is composed of interspersed LINE (long interspersed nuclear elements), SINE (short interspersed nuclear elements), and retrovirus-like elements. This being so, we expected a substantial percentage of sampled loci to overlap partially or completely with repeat sequences. Fortunately, it turns out that unambiguous genome assignments can be made in the great majority of cases. Reamplified fragments containing repetitive elements often contain junctions with unique sequence or adjacent repeats that facilitate identification. At other loci, repetitive elements are sufficiently diverged from other copies for the assignment to be straightforward. We routinely searched flanking genome regions for partial matches to the arbitrary primers used in the original PCR reaction, and these were confirmed for all loci listed in the study. For future work, the data compiled should be useful in setting search parameters. Within the 12 bp variable regions, minimum primer annealing corresponded to matches at the two 39 terminal bases, with no more than six mismatches at the remaining positions; in addition, the sum of mismatches for the two primer variable regions did not exceed nine (unpublished observations). Finally, for candidate loci residing within moderately conserved repetitive elements, the entire genome was searched to exclude the occurrence of other elements having equal or better matches to the primers (unpublished data). As mentioned in the introduction, other approaches to map the epigenome are being pursued (34, (36) (37) (38) (39) (40) (41) (42) (43) (44) (45) (46) 62) . How efficient is semirandom sampling in comparison to these alternative approaches? For small scale experiments, it is easy to implement gsChIP and to obtain results rapidly. For more extensive sampling, automated liquid handling instruments are certainly desirable. High-end sampling should be comparable to microarrays constructed from PCR products with a layout of approximately 32,000 positions. A simple calculation indicates that 40 arbitrary primers, taken as all combinations, suffice to carry out 780 distinct PCR sampling reactions. Based on our experience, each reaction yields reproducible information for 50-100 loci, thus providing sampling information for » 40,000-80,000 chromosome positions. This is attractive in terms of the investment required, at least relative to PCR-based microarrays, where the cost would include 80,000-160,000 primers and fabrication of the arrays themselves. In terms of flexibility, the same or similar arbitrary primer sets should be usable for any higher eukaryotic genome or combination of genomes of interest.
The fraction of a given genome that is accessible by semirandom sampling is a somewhat difficult issue to evaluate, since it depends in part on the average size of the chromatin regions in which the characterized loci reside. Based on results here and in the research literature, a conservative estimate for distinguishable histone H4 acetylation domains is at least 20 kb. Taking this value, a medium scale sampling with arbitrary primers-for example 100 primer pairs-should cover roughly 5% of the human genome. This remains a relatively small fraction; however, a common goal will be to obtain seed examples of differentiation-linked chromatin changes. Taking the above numbers and a differentiating cell type in which »100 complex sequence regions undergo remodeling, the probability of discovering at least a few such changes is in fact quite high (.99% in the absence of unexpected sources of bias). Such seed examples, in addition to their intrinsic interest, should frequently provide the basis for bioinformatics-based queries to search for additional instances.
Beyond a description and comments on the potential of gsChIP, this article provides three practical examples of its utility. With respect to static epigenome architecture, a finding of some interest is the comparative homogeneity of regions flanking under-acetylated loci, both with respect to CpG islands and to ESTs. The contrast is valid for comparisons to regions near highly acetylated loci as well as to regions flanking randomly selected chromosome positions. CpG islands near genes are highly acetylated, presumably due to associated transcription factors that recruit histone acetyltransferase complexes (12, 58, 59) . Likewise, polymerase complexes typically require multiple acetyltransferases for efficient assembly. Thus, the under-acetylated loci identified here seem most likely due to a lack of nearby entry sites for histone acetyltransferase complexes.
An important application of gsChIP is to identify regions of chromatin remodeling associated with differentiation programs. Along these lines, there is scant information at the genome level, and much valuable information to be gained. We chose HL-60 as a model system in which homogeneous populations of prepromyelocytes growing in suspension can be readily separated from adherent macrophage-like derivatives. Nuclei of the latter have somewhat more compact nuclei than their parent cells at the level of microscopy; nevertheless, it was uncertain whether regions exhibiting a change in acetylation would be common or, at the other extreme, too rare for detection. It is notable that remodeling events turn out to be infrequent but detectable, and that a moderate-sized screen consisting of 27 primer pairs was adequate to reveal these events. Our initial motivation to develop gsChIP was in fact based on a desire to search for age-related epigenome remodeling. X-chromosome reactivation is well described in mouse models (63) (64) (65) (66) , but to date has been detected in human cells only at relatively low levels (67, 68) . Likewise, most CpG island silencing with age occurs in too small a fraction of cells to have been detectable by the approach described here (61) . The identification of two candidate chromatin loci exhibiting age-related differences in histone H4 acetylation suggests that this form of remodeling may occur in a larger fraction of cells than the previously observed epigenetic changes. How many comparable loci might be found by genome sampling remains to be seen; however, as noted above, it seems likely that a relatively small fraction of the epigenome has been effectively queried so far. An important question is whether mapping of the regions flanking the h9 and p14 sites will reveal extended areas of change, as is found at the L28 locus in association with HL-60 differentiation. Before addressing this question, we chose to develop a much more efficient set of techniques for building regional epigenome maps. These techniques, together with results relating to the h9 and p14 loci, are described elsewhere (70) .
